Objective: "Ecstasy," or 3,4-methylenedioxymethamphetamine (MDMA), causes long-term impairment to the serotonin (5-HT) system in rats, dogs, and nonhuman primates. 5-HT dysfunction has also been observed in human recreational users of the drug, but whether 5-HT dysfunction in humans is caused by MDMA has not been established, since dysfunction may have preceded MDMA exposure. This ambiguity about causation is particularly important in MDMA research, because 5-HT deficiency is a predictor of risky behavior.
Wi th its street name "ecstasy" deriving from the characteristic euphoria that the drug produces, (+/-)3,4-methylenedioxymethamphetamine (MDMA) is currently one of the most popular recreational drugs in the Western world. Administration of the drug results in a massive increase in extracellular serotonin (5-HT), likely owing to an efflux of cytoplasmic 5-HT and concurrent 5-HT transporter facilitation (1) . In a corresponding effect, MDMA has been shown to impair 5-HT neuron integrity in rats (2) (3) (4) and nonhuman primates (5-7).
MDMA has a severe effect on 5-HT in nonhuman primates. Repeated administration causes dose-related depletion of 5-HT in the somatosensory cortex (44% reduction at 2.5 mg/kg; 90% at 5 mg/kg), as well as depletion to a lesser extent in the caudate nucleus, putamen, hippocampus, hypothalamus, and thalamus (5)-a function of damage to 5-HT nerve endings and axons (1) . Many of these deficits have been found to remain for 2 years (6) and 7 years (7) after MDMA exposure. These findings raise serious concern about possible damage that the drug may cause in humans, because the doses used in the studies were similar to those used recreationally. However, conclusions made on the basis of animal research do not necessarily generalize to humans. Thus these studies should be viewed as cause for concern but not evidence that recreational use of MDMA impairs serotonergic function. This point was demonstrated recently when MDMA intoxication was shown to cause opposing sensorimotor gating effects in rats and in humans (8) .
Consequently, many researchers have attempted to determine if MDMA adversely affects brain 5-HT in humans. MDMA users have been found to exhibit alterations in several indexes suggestive of 5-HT dysfunction, including decreases in cerebrospinal fluid concentrations of 5-HT metabolites (9, 10) , alterations in nociception (9) , prolactin responses to L-tryptophan (9) , prolactin and cortisol responses to D-fenfluramine (11) , and alterations in neuroendocrine and behavioral responses to meta-chlorophenylpiperazine (12) . Further, positron emission tomography has provided direct evidence of 5-HT impairment in MDMA users, relative to comparison subjects (13) . So it is clear that MDMA users do exhibit 5-HT impairment.
However, such studies were not able to show that MDMA caused 5-HT impairment, since they could not account for the possibility that long-term MDMA users might have used the drug because they suffered from 5-HT dysfunction. This ambiguity is particularly relevant to the issue of MDMA-related impairment owing to the connection that has been demonstrated between 5-HT im-pairment and the "novelty-seeking personality" (14) . That is, people with low levels of brain 5-HT are more likely to engage in novelty-seeking activities, such as illicit drug taking, than those with normal 5-HT levels (15) .
In the quasi-experimental designs of these studies, correlations between MDMA use and 5-HT dysfunction are necessary but insufficient to demonstrate a causal relation because of the confounding effects of self-medication among drug users (16) (17) (18) . However, causation is supported where a deficit is related to the cumulative dose of a drug independent of frequency of use, because frequency of use may be controlled by the user in response to 5-HT function, but cumulative dose (independent of frequency) cannot be controlled in this way. For instance, the self-medication hypothesis would predict that subjects with low 5-HT levels would gain greater positive reinforcement from MDMA use than those with normal 5-HT levels and would use MDMA more regularly, resulting in a relation between frequency of use and 5-HT function. Conversely, it would predict that cumulative dose (independent of frequency) would not be related to 5-HT function, because cumulative dose, independent of frequency of use, is effectively a random variable, dependent only on the stage of the subject's drug use history when they volunteer for testing. This delineation allows a resolution to the impasse regarding causation in quasi-experimental drug research: causation is suggested by demonstrating a relation between impairment and total drug use that is independent of frequency of use. Accordingly, to determine whether MDMA causes 5-HT impairment, we examined the relation between an index of 5-HT integrity (the intensity dependence of auditory evoked potentials [15, 19] , described in the Method section) and both frequency of MDMA use and cumulative amount of MDMA used. A failure to find any relations would suggest that any group differences in 5-HT indexes would not have been associated with MDMA. Evidence of a relation between the 5-HT index and either frequency of use or total amount used would demonstrate association, but the nature of the association would remain ambiguous, e.g., it may be that the 5-HT deficit made subjects more likely to consume MDMA. Thus, to support the thesis that MDMA had caused the deficit, a correlation between the 5-HT index and total MDMA consumed that is independent of frequency of use would be required.
Another aim of the study was to determine whether relations between MDMA and 5-HT could equally be explained by subjects' cannabis use. This is important because many MDMA users consume cannabis when the effect of MDMA is diminishing. In addition, because the main psychoactive constituent of cannabis, ∆9-tetrahydrocannabinol (∆9-THC), markedly affects various neurotransmitter systems, it may confound the relation between MDMA and 5-HT. It has been shown, for example, that cannabis may be a confound in studies of MDMA-related cognitive deficits (20) .
Method

Subjects
Twenty-two long-term MDMA users, 19 long-term cannabis users, and 20 drug-naive comparison subjects participated in the study. Table 1 shows the subjects' demographic characteristics. After complete description of the study to the subjects, written informed consent was obtained.
Data Acquisition
Tin electrodes were used to record EEGs. EEGs were recorded from vertex and referenced to the left mastoid. Subjects were grounded on the scalp over the frontal cortex. Eye movements were monitored with a vertical electrooculogram (EOG), and measurements were calculated as the difference between voltages from electrodes above and below the left eye. A gain of 1000 was used for each channel; the bandpass was 0.016 to 35 Hz. Impedances were kept below 5 kΩ, and data were digitized at 500 Hz. 
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Stimuli
Stimuli for the intensity dependence task consisted of 100 binaural 1000 Hz tones (30 msec plus 10 msec rise and fall time) at each of 60-, 70-, 80-, 90-, and 100-dB (SPL) intensities (19) . The stimuli were presented through headphones in a pseudorandom fashion with variable interstimulus intervals (1800-2200 msec).
Serotonin (5-HT) Index
The auditory intensity dependence function was employed as an electrophysiological index of 5-HT function (15, 19) . 5-HT in the primary auditory cortex is thought to operate as a protective mechanism by attenuating cortical response to loud auditory stimuli. This mechanism decreases evoked neural potentials to high-intensity auditory stimuli, such that the response to a 100-dB tone will not be proportionately larger than the response to a 60-dB tone. Because this attenuation is greater in primary auditory cortex in which 5-HT is intact, we can infer 5-HT function from the relation between auditory intensity dependence and the evoked neural potentials. This method is particularly suitable for assessing 5-HT function in MDMA users, since neocortex is one of the primary sites of MDMA-related damage in nonhuman primates (5-7).
Procedure
Subjects were screened in a telephone interview and excluded if they reported having suffered from neurological disturbances or having taken prescribed psychotropic medication. Subjects were assigned to the MDMA group if they had used MDMA on at least 20 occasions, to the comparison group if they had never used MDMA and had not used cannabis regularly, and to the cannabis group if they had used cannabis at least twice a week for at least a 2-year period and MDMA only irregularly (Table 1) . On arrival at the laboratory, subjects completed consent forms, were administered the National Adult Reading Test (21) to obtain an estimated IQ, and were fitted with an electrode cap. They were seated in an armchair in an electrically shielded sound-attenuated booth, where their hearing thresholds were checked. Subjects then completed a series of personality and drug use questionnaires while the intensity dependence paradigm was run (duration=15 minutes).
Data Analysis
Epochs were defined as -100 to 300 msec poststimulus. Epochs containing vertical EOGs greater than 50 µV relative to baseline were excluded from further analysis. Five event-related potentials were created for each subject by averaging the epochs in which stimuli with the same intensity were presented. For each subject, N1 and P2 amplitudes were calculated as the maximum absolute amplitude (relative to baseline) in the 80-140 msec and 140-260 msec time windows, respectively. The N1/P2 complex was defined as the difference between the N1 and P2 amplitudes. For each subject, the slope of the relationship between the N1/P2 complex and intensity (dB level) of the auditory stimulus was estimated by using least squares linear regression, in which N1/P2 amplitude was the criterion variable and intensity of the stimulus (coded 1-5) was the predictor variable.
Statistical Analysis
The Kruskal-Wallis nonparametric test was used to test for differences between the intensity dependence slopes of the three goups. Nondirectional Mann-Whitney tests were used for post hoc analyses (with Bonferroni adjustment). To determine whether any group differences were related to the MDMA group's history of MDMA use, data for the MDMA group were analyzed with a multiple regression in which the N1/P2 slope was the criterion and total MDMA consumption (tablets), frequency of MDMA use (tablets per month), age, and sex were the predictor variables (all tests nondirectional). The variable "total MDMA tablets used" was transformed to normality by using the square root function (yielding t_total), and "frequency of use" was transformed by using the natural log (yielding t_frequency). A correlation analysis was performed to determine if t_total and t_frequency were related.
Results
Grand mean event-related potential waveforms for the three groups are shown in Figure 1 . The three groups' intensity dependence slopes were significantly different (χ 2 = 9.74, df=2, p=0.008). Post hoc analyses found that while the N1/P2 slopes of the comparison and cannabis groups did not differ (z=0.16, p=0.88), the MDMA group had larger a N1/P2 slope than either the cannabis group (z=2.88, p= 0.004) or comparison group (z=2.44, p<0.02) (Figure 2 ).
The regression analysis found that t_total and sex predicted the N1/P2 slope (b=0.12, SE=0.04, p<0.02, and b= 1.84, SE=0.48, p=0.001, respectively), but that t_frequency and age did not (b=0.33, SE=0.25, p=0.19, and b=0.07, SE= 0.045, p=0.13, respectively) ( Figure 3) . That is, in support of a causative relation, significant positive relations were found between MDMA users' N1/P2 slopes and total 
Discussion
This study demonstrated that regular users of MDMA exhibit impaired 5-HT function relative to drug-naive comparison subjects and regular users of cannabis, which suggests 5-HT impairment in this population of MDMA users. In keeping with a causative relation, a strong relation was found between total MDMA consumption and 5-HT impairment that was independent of frequency of use. As this relation accounted for 25% of the variance in the 5-HT index (independent of frequency of use, age, and gender), a substantive deficit in human 5-HT function as a result of MDMA use is indicated. This study also found that cannabis use, a possible confound to MDMA research, was not related to the 5-HT deficit.
These results are consistent with the findings of other research demonstrating 5-HT impairment in MDMA users (9) (10) (11) (12) . Most important, however, the results are consistent with findings in animal studies showing that MDMA causes 5-HT impairment (6) (7) (8) . Our results, combined with the animal studies results, provide strong evidence that the 5-HT deficits observed in earlier studies in humans were caused by subjects' MDMA use (9) (10) (11) (12) .
Several issues relating to this conclusion should be considered. First, the possible confounding effect of catecholamines on the intensity dependence paradigm (22) is not likely to be a problem in the current study, because animal research has shown that MDMA has no lasting effect on catecholamines (5, 7) . Second, because self-report measures were used to obtain subjects' drug histories, inaccuracies in estimated drug use and the time since the last dose are likely. However, such inaccuracies would not affect interpretation, because inaccurate estimates of drug use would likely result in random error and would only decrease the observed relation. Inaccurate estimates of the time since last use of MDMA-and thus possible residual toxicity-would affect relations only with frequency of use and not relations with total use. The third issue relates to the current treatment of causation. It is important to clarify that, because a full experimental protocol was not used, causation was attributed on the basis of the delineation of 5-HT relations with frequency of MDMA use and total MDMA consumption. However, as frequency of MDMA use did not relate to either total consumption or to measures of subjects' 5-HT levels, we believe causation to be the most parsimonious explanation of the results.
Because 5-HT functions predominantly as a neuromodulator throughout the brain, concern has been raised about the possible cognitive and psychiatric consequences of MDMA use. Research to date suggests that this concern is warranted, since mild cognitive impairment has been demonstrated in MDMA users, relative to comparison subjects, in several studies (10, (23) (24) (25) (26) (27) (28) . However, this interpretation should be made with caution, because the reported deficits may not be the result of MDMA-related 5-HT impairment but may be related to premorbid cognitive abilities or to other characteristics of the users' lives, such as polydrug use (20) . In contrast, the causal relation between 5-HT and affect is well established. The role of 5-HT in depression, aggression, and violent suicide has been deduced theoretically (15) , and the predicted 5-HT deficits in groups with these characteristics have been demonstrated empirically (29, 30) . Further, 5-HT neurotransmission has been shown to increase in all clinically efficacious antidepressant treatments (tricyclic antidepressants, electroconvulsive therapy, monoamine oxidase inhibitors, 5-HT-uptake inhibitors, and 5-HT agonists) (30) . The depression that follows 5 days after MDMA consumption (31) and that has been found in long-term MDMA users in general (32) appears to be a result of the drug's impairment of the 5-HT system. Further, reports of psychopathology after acute (33, 34) and long-term (35) (36) (37) exposure to MDMA suggest that other psychiatric conditions may also be related to MDMA use.
This study has demonstrated electrophysiologically that MDMA users suffer substantial 5-HT impairment proportional to their cumulative dose of the drug, irrespective of frequency of use. These results are consistent with previous research demonstrating 5-HT impairment in MDMA users and go further by providing evidence consistent with the thesis that this damage is caused by the MDMA. Owing to the link that has been demonstrated between 5-HT dysfunction and psychopathology, and also owing to the cognitive and affective dysfunction that has been demonstrated in MDMA users, it is concluded that regular use of this drug may carry with it serious consequences.
